It is now well established that amphibians are suffering widespread decline and extinctions. Among other causes, urbanization is responsible for habitat reduction, habitat fragmentation and massive road kills. In this context, it is urgent to develop and assess appropriate conservation measures. Using yearly censuses of migrating adults of two anuran species at one location in Switzerland, we examined the impact of a road mitigation measure -permanent under-road tunnels with guiding trenches -along a road separating wintering forests from breeding wetlands. We observe that the adult migrating populations do not exhibit any long-term trend but undergo a transient increase a few years after the installation of the road mitigation measure. Using additional datasets like climatic data and censuses obtained in a control area, we show that the observed pattern of migrating populations cannot be explained by any other data at our disposal. We then checked as a working hypothesis whether the installation of under-road tunnels could explain the observed transient or not. To this end, we use a simple population model and show that the road mitigation measure together with competition for resources can successfully explain the experimental observations. We conclude by discussing the requirements for further assessment of this hypothesis as well as consequences for conservation planners.
INTRODUCTION
After years of controversy [1] , it is today clearly established that amphibians are suffering widespread decline and extinctions [2] [3] [4] . Several causes for this decline have been proposed. A non-exhaustive list includes climatic changes, exposure to ultraviolet-B and increased prevalence of diseases [1, 2, 5, 6] . Apart from these, urbanization and roads have been shown to negatively impact amphibian populations [7] [8] [9] [10] [11] as well as other taxa [12] and provoke a global degradation of ecological conditions [13] . They are responsible for habitat reduction, habitat fragmentation [8, 14, 15] and massive road kills [8, [16] [17] [18] [19] , essentially during seasonal migrations between wintering and breeding sites.
While it is difficult to fight against climatic changes and diseases, it should be relatively easy to reduce the negative impact of roads by constructing permanent under-road tunnels with guiding trenches along the main migration corridors. In principle, these tunnels should allow the amphibians to cross the road without danger and should partially restore the connectivity between natural milieus, thus decreasing insularity. Although quite expensive (construction alone reaches about 300000 €/km for the system monitored in this paper), this type of measure has been widely implemented in Europe [20] . However, the question remains open whether it is cost-effective in terms of population conservation or not. In a context of ever-increasing human land use [13] , increased importance of land conservation [21] and declining amphibian populations in highly urbanized regions [3] , this is a crucially important question to answer.
Here, we report about a long-term survey of two amphibian populations at a single site in Switzerland where permanent under-road tunnels were installed in migration corridors. Urbanization is a particularly critical issue on the Swiss plateau (located between the Alps and the Jura mountains) which is one of the most urbanized regions of the world [~430 inhabitants/km 2 [22] ]. There, amphibian habitats have been under constant pressure during the last decades. Numerous wetlands and areas prone to flooding have been drained from the early 19 th century and forests have been cleared to accommodate the growing need for new land. Concomitantly, the landscape is fragmented by a very dense network of roads and railways. During the 1980s, conservation planners put government agencies under pressure to install road mitigation measures in important migration corridors [23] . Following this line, three sectors of tunnels with guiding trenches were constructed in 1991 in one area known as Cheseaux in the Grande Cariçaie natural reserve under a national road which separates breeding wetlands from wintering forests (supplementary Figure 1) . In most amphibian studies, the breeding and wintering sites constitute a highly patchy environment causing problems in data interpretation [1] . In contrast to this, the Grande Cariçaie reserve is an essentially linear structure. Wetlands extend along the south-eastern bank of the Lake of Neuchâtel. Immediately to the east, forests provide wintering habitats for the amphibians (supplementary Figures 2 and  3 ). This reserve is therefore ideally suited to study the impact of the road mitigation measure.
In order to assess the efficacy of amphibian tunnels as a conservation measure, we censused the populations of yearly migrating adults of common toad (Bufo bufo) and common frog (Rana temporaria) before and after the construction of the road mitigation system operational for the first time in 1992 in the Cheseaux area (supplementary Figure 2) . Starting in 1994, the same species were also censused in a second area known as Ostende where no road passes inside the natural reserve to serve as control. The Ostende area is about 30 km distant from Cheseaux. It is structurally very similar to the Cheseaux area except that it is free of roads. In particular, breeding and wintering sites follow the same spatial organization than in Cheseaux (supplementary Figure 3) . We can then use populations censused in this area as a control for some conditions affecting the success of reproduction like the level of the lake that regularly floods breeding sites as well as some climatic data. Other amphibian species have been observed in large numbers in the reserve like pool frog (Rana esculenta), alpine newt (Triturus alpestris) and smooth newt (Triturus vulgaris). However, only common toad and common frog have significant populations in the area where the tunnels were built, preventing us to make comparisons for the former species. The population of both common toad and common frog can be considered stable in both areas. Interestingly, both species have a similar breeding ecology [24] .
In this study, we observed that the adult populations censused in both the Cheseaux area (with mitigation measures) and in the Ostende area (without road) do not exhibit any long-term trend. However, both populations censused in the area equipped with under-road tunnels and guiding trenches exhibit a very significant transient increase four years after the installation of tunnels. The paper is organized as follows. We first report and discuss the results of the census. In a second step, we show that the observed transient increase cannot be correlated with any other supplementary dataset at our disposal. Assuming as a working hypothesis that the installation of tunnels could be the cause for the observed transient, we then show using a simple population model that the road mitigation measure and the competition for resources could collaboratively explain the experimental observations. Finally, we discuss the requirements for further assessment of this hypothesis and its potential implications for conservation planners.
MATERIALS AND METHODS

CENSUS
In the Cheseaux area (with mitigation measures), populations were censused once in 1983 and then every year between 1992 and 2004. The under-road tunnels and guiding trenches were operational for the first time in 1992. In this area, we captured adult amphibians during the spring migration with bow-nets installed at tunnel exit on the west side of the road except in 1983 when we used drift fences with pit traps instead. The numbers of captured adults in this area were in average 680 (common frogs) and 320 (common toads). In the Ostende area, adult populations were censused yearly during the spring migration between 1994 and 2004. We used drift fences with pit traps. The drift fences were placed so that they were roughly located at the same structural level in the environment than the road in Cheseaux, i.e. just before breeding sites. The numbers of captured adults in the Ostende area were in average 310 (common frogs) and 85 (common toads). In both areas, the setup was designed so as to census the population of migrating adults homing to the breeding sites. The whole installation (bow-nets, drift fences and traps) was set up every year in late January. Every morning, when the conditions were favourable to amphibian migration [rainy night and temperature approximately higher than 4-5°C at dusk [24] ], we emptied traps and bow-nets and freed amphibians after specie, gender and approximate age determination by measuring the size of the body. The census was stopped few weeks after the return migration of adults was reported, usually in late April. Returning juveniles were censused in the Cheseaux area once in 1991 (July-August, same collection and determination protocol than for adults) and once in 1992 (June-July). Juveniles were captured with pit-traps on the eastern side of the road. A map of the region and aerial views of Cheseaux and Ostende areas can be seen in supplementary Figures 2 and 3.
ESTIMATION OF TRAFFIC LOAD
The daily traffic distribution on the road protected with amphibian tunnels was extrapolated from the Swiss Standard SN 640 005a [25] . The average daily traffic load on this road is estimated to be 5500 vehicles/day (data provided by the Service des routes de l'Etat de Vaud, yearly average). We assume that it is composed of half local traffic and half leisure traffic (2750 vehicles/day each). Time series in Figure 3a were computed (weighted sum) using the seasonal variations of these two types of traffic. The local traffic intensity is at 101.5% of the yearly average in March-April and at 104% in July. Values for the leisure traffic intensity are 94% for 
POPULATION MODEL
Populations are modelled using the Lefkovitch matrix population projection technique [26] [27] [28] . The population N of each specie at time t is given by 
MODEL PARAMETER FITTING
The model was fitted on data by minimization of the least-square distance with a standard algorithm [29] . At each iterations,  was first set to the arbitrary value 1   with 100 individuals in each classes and the model was simulated until it reached a quasi-stationary state (typically for 1000 years).  was then set to a new value 
RESULTS POPULATION CENSUSES
In order to assess the efficacy of amphibian tunnels as a conservation measure, we censused the populations of yearly migrating adults of common toad (Bufo bufo) and common frog (Rana temporaria) in the Cheseaux area before and after the construction of the road mitigation measure operational for the first time in 1992. Starting in 1994, the same species were also censused in a second area known as Ostende where no road passes inside the natural reserve.
FIGURE 1 RESULTS OF THE CENSUS. (A) DENSITIES OBSERVED IN THE CHESEAUX AREA FOR THE COMMON TOAD (BLACK BARS) AND THE COMMON FROG (GREY BARS; NUMBER OF MIGRATING ADULTS PER METER OF FENCE/TRENCH). THE PREDICTIONS OF THE MODEL ARE PLOTTED FOR BOTH THE COMMON TOAD (BEST LEAST-SQUARE FIT; GREY LINE) AND THE COMMON FROG (BLACK LINE). NOTE THAT COLOURS ARE INVERTED COMPARED TO THE BAR PLOTS. (B) RESULTS OF THE CENSUS IN THE
OSTENDE AREA. Figure 1 shows the results of the censuses in these two areas. We observe that the adult populations censused in both the Cheseaux area (with mitigation measures, Figure 1a ) and in the Ostende area (without road, Figure 1b) do not exhibit any long-term significant trend. While the populations in Ostende seem to fluctuate randomly, populations in Cheseaux exhibit a very similar and peculiar pattern with a strong peak in 1996 (adult migrating population is about four times larger than the average level in years 1983-1995 for both species) followed by an almost immediate reset to the precedent level. This type of very strong fluctuations are rare [4] . Analysis of correlation coefficients between the four time series of Figure 1 confirms that the populations of common toads and common frogs in Cheseaux follow a similar dynamics while nothing significant occurs in Ostende (Table 1) . We additionally observe that the populations of common frogs are non-declining over the period of the study in agreement with the findings of other authors [30] . The overall population of common toad seem to be in decline after 2000 but long-term data is lacking and so, strong conclusions cannot be drawn [1] .
Many causes could lead to the transient increase in migrating populations observed during year 1996. However, it is particularly interesting to note that specie-specific effects can be ruled out since this specific pattern was observed both in common toad and in common frog populations. Similarly, some large-scale variables like the level of the lake that floods the breeding sites can be ruled out since the pattern was observed in Cheseaux but not in Ostende where the same species are present in a very similar environment. In the following, we explore plausible explanations to the migration peak using all data at our disposal that could satisfactorily explain the difference observed between the censuses obtained in Cheseaux and in Ostende, the latter site being used as a control for climatic data.
ASSESSMENT OF POSSIBLE CAUSES FOR THE OBSERVED MIGRATION PATTERN
As we mentioned already, both the Cheseaux and the Ostende areas display the same spatial arrangement of habitats (supplementary Figure 3) . They also share a same relation to the lake water level (ground topography is very similar) and no important management measures were applied either in the forests (known wintering sites) or in the wetlands (known breeding sites) during the period of the study. Obstacles used for the census were roughly located at the same structural level in the environment.
Climate can influence the success of the reproduction [6] as well as the migration phenology.
While it is usually assumed that temperatures do not vary significantly at this geographical scale (www.meteoswiss.ch), rainfalls could. We thus compared daily rainfalls measured at the Yverdon weather station used as a proxy for the Cheseaux area and at the Payerne weather station used as a proxy for the Ostende area in the years before the peak migration during months corresponding to early stages of life for juveniles [see map in supplementary Figure 2 ; years 1961-1995; months March-June [24] ] and did not found any significant differences (Table  2 ; paired t-test; data provided by www.meteoswiss.ch). Moreover, the two species have a different egg-laying ecology, suggesting they could be affected in different ways by climatic factors [24] . We also observed no differences in the migration phenology between areas decreasing further the likelihood of a climatic explanation (Figure 2 ). There is no significant year-to-year trend in the day of the peak migration (linear regression; common frogs in Cheseaux, Since amphibians are supposed to be structured in metapopulations [1, 31, 32] , the migration peak of 1996 could be explained by strong immigration from a nearby colony. The nearest known group is about 2.5 km away from the northern protected sector and contains both common toads and common frogs. This distance is however rather extreme compared to the typical observed migration distances in this type of environment [33] [but see [32] ]. Furthermore, one would expect the immigration to be localized, likely in the nearest sector and spread out in time as migrants disseminate along the bank. We observe on the contrary that the pattern is homogeneously present all along the road except in the population of common toad of the central protected sector which is by far the smallest population (<40 adults in average; supplementary Figure 4 ). Finally, despite extensive research, we could not find any reason that could explain why representatives of both species would have migrated synchronously in 1996 from this remote site.
Interaction with predators may be a potential cause of synchrony in biological populations [see e.g. [34] ]. However, the two species do not suffer from predation by exactly the same set of predators. Their main common predators are birds and more specifically in this region, kites and owls. In a survey of bird populations in the reserve, we found that these populations are anecdotic and stable, a few individuals at the maximum (probably <10 in the Cheseaux area).
In absence of any other readily available explanation, it is then tempting to check whether the installation of under-road tunnels could explain the observed transient increase or not. Of course, the specific pattern observed in the Cheseaux area does correlate with the installation of the under-road tunnels and guiding trenches. It is not clear however why the effect is delayed by four years and short-lasting. In the next section, we propose a simple stage-class population model including the effect of the road mitigation measure plus competition for resources that satisfactorily accounts for experimental observations.
IMPACT OF THE ROAD MITIGATION MEASURE IN A POPULATION MODEL
We constructed a population model based on the Lefkovitch matrix population projection technique [26] [27] [28] . For the sake of simplicity, the model divides the population in five classes, one class per year in the juvenile stage [four for each specie in these populations; G. Berthoud, unpublished observations, assessed by skeletochronology; see also [35] ] and one class of adults. We further assume that all the adults participate to the migration and do not distinguish between males and females. The model includes density dependent competition which has proven a key component in population models [36] . The competition is parameterized by one parameter describing the carrying capacity of the environment (K) and is exerted by adults on FIGURE FIGURE 1A. adults and juveniles. The mitigation measure is included in the model by an instantaneous positive shift in 1992 of the parameter that describes the overall success of the reproduction (β) but we make the simplifying assumption that they do not affect the survival rate of adults ( A  ). This is motivated as follows. The prenuptial migration of adults across the road usually takes place during a few favourable nights in March and they return to the forest after breeding in April. Adults migrate approximately between 7 p.m. and 4 a.m. [19] . Juveniles usually emerge from the breeding sites in late June and migrate en masse often during the day. The diurnal traffic load is larger than the nocturnal one and similarly, the summer traffic load is larger than the spring traffic load due to tourism (Figure 3a) . We therefore expect the juveniles to be more sensitive to the installation of tunnels than adults. Confirming this hypothesis, the density of migrants was not significantly affected by the tunnels on the short-term (Figure 1a ; 1983-1995) even though the road-kills during the spring migration were significantly reduced to almost zero level (not shown). On the other hand, a comparison between censuses of juveniles during summer 1991 and 1992 has shown a sharp five-fold increase of the migration density consecutive to the installation of tunnels for both species (juveniles censused with two pit traps; 585 common toads and 56 common frogs in 1991; 3114 common toads and 273 common frogs in 1992). In order to check for the ability of the model to account for observed data, the modelled adult population was fitted on census data of the Cheseaux area. Figure 1a shows that the model successfully explains the observed pattern of migration for both common toads and common frogs. The correlation coefficient measured between modelled and observed data is highly significant (best least-square fit; In the modelled population, the transient increase of migrating adults is achieved as follows. The population is stable before the installation of tunnels. After the tunnels have been installed, the overall success of the reproduction is increased leading to an augmented juvenile population that leads to the increase of migrating adults with a four year delay after the installation of the road mitigation system. Consequently, the model predicts that the population of juveniles is significantly increased as early as 1992 (Figure 3b) . The model therefore successfully explains why the population of adults is affected with a four year delay. This is the time needed for the excess juveniles hatched in 1992 to reach the adult stage. It also provides an explanation for the short-lasting effect in adult population. A mild increase in adult population saturates the carrying capacity of the environment. Consecutively, competition for resources is increased exerting a negative effect on juveniles and adult classes. On the long-term, the adult population returns to a level very similar to the level observed before tunnel installation (compare levels in 1983-1992 and 2000-2004 as predicted by the model). On the other hand, the juvenile population is significantly and durably increased (Figure 3b ).
TRAFFIC AND MODELLED IMPACT ON JUVENILES. (A) ESTIMATED DAILY TRAFFIC DISTRIBUTION ON THE ROAD PROTECTED BY TUNNELS IN MARCH-APRIL (DASHED LINE) AND IN JULY (SOLID LINE). THE ARROW INDICATES THE BEGINNING (7 P.M.) AND ENDING (4 A.M.) OF THE MIGRATION OF ADULTS. (B) DENSITY OF THE DIFFERENT GENERATIONS OF JUVENILES AS PREDICTED BY THE MODEL FOR THE COMMON TOAD (GREY LINE) AND THE COMMON FROG (BLACK LINE; • 1ST, ♦ 2ND, ■ 3RD AND ▲ 4TH GENERATIONS). NOTE THAT COLOURS ARE INVERTED COMPARED TO THE BAR PLOTS IN
DISCUSSION AND CONCLUSION
Massive amphibian road kills during seasonal migrations have attracted a lot of attention because of their striking aspect [7] [8] [9] [10] [11] [16] [17] [18] [19] . In this paper, we reported the results of a longterm survey of two amphibian populations at a single site in Switzerland where permanent underroad tunnels were installed in migration corridors as a road mitigation measure. We observed that the adult populations censused at this location do not exhibit any long-term trend following the installation of the tunnels but exhibit a very significant transient increase four years after their installation. In a second step, we have shown that this specific pattern cannot be explained by any other data at our disposal. More specifically, we could rule out specie-specific effects, the level of the lake that floods the breeding sites, the ground topography, management measures, impact of climate on reproduction, predation and finally, possible contributions from a distant group of population. Of course, this does not demonstrate that the specific pattern observed in this area was indeed induced by the road mitigation measure. Repetitions of such a survey will be needed to confirm or infirm this hypothesis. However, this constitutes a significant enough body of evidence to consider the contribution of the road mitigation measure as a plausible cause to the observed migration pattern. We then showed using a simple stage-class population model that the road mitigation measure together with competition for resources can successfully explain the experimental observations. In the following, we would like to discuss what the implications for conservation planners are if our model was to be supported by repetitions of our experimental observations.
Our model study suggests that the increase in adult migrating populations is explained by the installation of the road mitigation measure. The subsequent decrease in adult migrating populations is then explained by the increased competition for resources. A dense transportation network with high traffic load is one of the symptoms of important human land use [13] . Road kills are therefore likely to happen in an environment where amphibian habitat has been already reduced in significant proportions. Our model study therefore suggests that both these aspects need to be considered when planning the installation of road mitigation measures. Any road mitigation measure in a highly urbanized area like the Swiss plateau should then produce the type of pattern that we report here (delayed and short-lasting peak in the migrating population; Figure 1a ). We observe that the migrating population was not significantly affected by the tunnels in years immediately following their installation (1993) (1994) (1995) suggesting that the individuals killed on the road were being replaced by new adults at an equivalent rate. Taken together with the fact that no long-term sustained positive effect was observed in the migrating populations, these findings seriously question the efficacy of tunnels in terms of restoring adult breeding populations. While the tunnels do prevent road kills efficiently, our model study suggests that their installation in the Cheseaux area may have intervened too late after significant habitat reduction. These results illustrate the importance of preserving enough appropriate habitats for amphibians [15] and wildlife in general [see e.g. the recent controversy about the Florida panther (Puma concolor coryi) [37] ]. In the specific case of amphibians, it also suggests that efficient conservation measures cannot be designed in terms of pond management only. The potential size and quality of wintering sites should be taken into account when deciding where to implement amphibian road mitigation measures. Alternatively, appropriate forest conservation measures should be applied conjointly to the installation of under-road tunnels.
We see a completely different picture when considering the modelled impact of the road mitigation measure on juveniles. Although the adult migrating population is only mildly affected on the long-term by the installation of tunnels, our model study suggests in agreement with partial censuses of returning juveniles that the overall population is strongly reinforced by a build up of the juvenile classes. This would clearly be an important positive effect since these additional juveniles would limit the risk of local stochastic extinction. Furthermore, always in our model, many more juveniles are hatched that leave the system. This is true as well for most of the adults contributing to the peak migration of 1996 which did not participated to the spring migration in consecutive years. While the model assumes for simplicity that these individuals die because of competition for resources, they could as well emigrate (competition-driven migration) from the Grande Cariçaie natural reserve to neighbouring ponds in the countryside, maybe after long-range migrations [4, 32, [38] [39] [40] . Although this needs further assessment, this hypothesis is partially confirmed by the fact that no massive mortality event was ever reported in years 1996-2004 in the reserve. The newly created reservoir could be important to diminish inbreeding depression and genetic drift in isolated populations from nearby urban areas [41, 42] and to restore populations after local extinctions or in recreated wetlands [32, 43] . In this context, extensive studies of populations at regional scale are needed if we want to understand spatial dynamics and more specifically, whether amphibians are as philopatric as it has been suggested in the past or not [4, 32, 33, 39, 44] .
In regard of our results, it is urgent to replicate similar surveys of amphibian populations at the sites where road mitigation measures will be installed. As illustrated by our model study, particular attention should be put on migrating juvenile populations to assess whether or not the juvenile classes are affected by the conservation measure. If our hypothesis and model were to be confirmed, amphibian tunnels should then be considered as a very potent conservation and mitigation measure in highly urbanized areas even though their installation may not produce striking long-term increase of the censused populations. They could help consolidate local populations and very likely the regional metapopulation as well.
